A surgical technique was developed to place sutures around the pulmonary arteries of young rats (about 1 month old and 100 g body weight). As the operated rats grew, the pulmonary arteries were gradually constricted, leading after 4-6 weeks to the development of severe right ventricular hypertrophy with free wall weights about twice those from control rats. There were no signs of heart failure or cardiac decompensation. Collagen concentrations were the same in operated and control rats. Myocytes were isolated from right ventricles by enzymatic digestion. Autoradiographic studies showed considerable uptake In non-myocyte nuclei. Myocyte sarcomere lengths were unchanged. However, myocyte lengths and areas increased sufficiently to account for the increase in free wall weights observed. Physiological studies were done on isolated papillary muscles and ventricular strands, which were subsequently fixed. The force-generating capability at optimum length, magnitude of active compliance, and maximum speed of shortening (using four different techniques) were measured in each isolated muscle. There were no significant changes observed between operated and control rats. Microscopic examination of the muscle cross-sections confirmed that average myocyte area in the muscles obtained from operated rats was significantly increased. The results show that it is possible to obtain considerable increases in average myocyte size (by about a factor of !) while still maintaining normal physiological function. Ore Res 49:
NEARLY every organ and tissue in the body responds to work overload by compensatory growth. Study of these growth processes in the heart is of great interest. This is because, in the clinic, it has often been observed that heart failure is associated with increase in heart size, and also because it is believed that cardiac enlargement plays a critical adaptive role in chronic heart disease. The literature in the field of cardiac enlargement is now of great size; however, reviews have appeared recently which provide background information relevant to the work presented here (Zak and Rabinowitz, 1979; Wikman-Coffelt et al., 1979) .
Compensatory growth can occur by either an increase in the size of myocytes (hypertrophy), or by an increase in the number of myocytes (hyperplasia or proliferation), or both. It has usually been found that the increase in heart size produced by a pressure overload is accompanied mainly by hypertrophy of the myocytes (Laks et al., 1974; Anversa et al., 1975) . It has also been reported that the hypertrophy caused by pressure overload leads to a decrease of maximum speed of shortening in papillary muscles isolated from these hearts (Spann et al., 1967; Bing et aL, 1971; Hamrell and Alpert, 1977; Cooper, et al., 1981) .
We have developed a procedure for gradually inducing right ventricular hypertrophy. Our results so far indicate no change in physiological performance, including maximum speed of shortening, in muscle specimens taken from markedly hypertrophied rat right ventricles. We also present evidence showing that the hypertrophy is associated mainly with a large increase in myocyte size with little or no increase in level of myocyte proliferative activity. Our results raise anew the problem concerning the precise delineation of the conditions necessary for the development of a decreased speed of shortening in cardiac pressure overloaded hypertrophy.
Methods

Animnlfl
Male CD rats were obtained from Charles River Breeding Laboratories, Inc. The rats were about 1 month old and weighed approximately 100 g when they were delivered just prior to surgery. The rats were kept at 70°F in cages containing not more than four animals and maintained on repeating cycles of 12 hours of light and 12 hours of darkness. Food and water supplies were maintained at levels sufficient to ensure unrestricted intake.
Physiological Krebs-Ringer Solution
This solution contained (in mMJ: NaCl, 117; KC1, 4.2; CaCl 2 , 2.5; MgSO 4 , 1.2; glucose, 5.6; and Hepes, 7.4 (pH 7.4) , and was always vigorously gassed from a cylinder of 100% O 2 .
Surgical Procedure
A rat was anesthetized with halothane vapor (Fluothane, Ayerst), placed on its back, and fixed to an operating board. The trachea was intubated using a 16-gauge, \W needle that had previously had its sharp end rounded and deburred. The chest cavity was opened between the third and fourth ribs, while ventilation was maintained by intermittent inflation of the lungs through the tracheal needle from a cylinder of 95% Oz-5% CO2 gas. The O2-CO2 gas could be mixed with halothane gas to maintain anesthesia as required. The thymus gland was retracted and a miniature rib spreader used to expose the pulmonary artery. The eye of a suture needle was threaded with a piece of 000 black silk suture. The tip of the suture needle had been ground down and carefully smoothed, so that it was sharp and narrow. The suture needle tip then was placed underneath the pulmonary artery and gently rotated upward to pierce the connective tissue between the pulmonary artery and the aorta. The black silk suture was grasped and the suture needle removed, leaving the suture around the pulmonary artery. A round probe 2 mm in diameter was placed over the pulmonary artery and the silk suture was tied firmly around the probe and fixed with a square knot. The probe then was gently removed, and the suture ends were cut near the knot. A probe diameter of 2 mm was selected because this was about the diameter of the pubnonary artery in 100 g, 1month-old male rats. The rib spreader was removed and the thymus returned to its normal position. The skin incision was closed with Michel wound clips. Usually, within a few minutes, a rat would recover and be able to move about in a normal manner. The entire operation could be done in about 5 minutes. Sham operations were carried out exactly the same way except that after the pulmonary artery had been compressed firmly to the probe, by crossing the suture over the probe, the silk suture was loosely knotted so that the pulmonary artery was never permanently constricted. Control rats were treated identically except that no surgical procedures were performed.
Total Collagen, DNA, RNA, Protein Concentration, and Water Content Determinations
Rats were anesthetized with sodium pentobarbital (Sigma) ip (3.0 mg/100 g body weight), and heparinized through the femoral vein (200 U/100 g body weight). The hearts were quickly removed and placed in an ice-cold "wash" solution of the following composition (in HIM): NaCl, 117; KC1, 4.2; MgSO 4 , 1.2; glucose, 5.6, Hepes, 7.4 (pH 7.4) . The hearts were washed by perfusion through the aorta with Kxebs-Ringer solution until free of blood, the great vessels removed, and atria and right and left ventricles minced and weighed in an analytical balance in preweighed tubes. The dry weight was determined by heating the tubes at 100°C to constant weight. Dried tissues were hydrolyzed in 1.0 ml 6 N HC1 at 110°C in 3ealed tubes for 22 hours. After hydrolysis, samples were neutralized (pH 6-7) with 2.5 N NaOH and diluted to a known volume (Woessner 1961) . The quantity of hydroxyproline in the hydrolysates was determined by the method of Rojkind and Gonzale3 (1974) .
For determinations of DNA, RNA, and protein concentrations, separately minced right and left ventricles were homogenized with distilled water (4.0 ml/100 mg wet tissue) using a Polytron (PT 10-35) set at position 4 for 4 minutes in a cold room (4°C). Protein determinations were done by the method of Lowry et aL (1951) , and nucleic acids were analyzed by the ethidium bromide technique of Prasad et al. (1972) .
Myocyte Isolation Technique
The rat was killed with sodium pentobarbital, as described above, and the heart removed quickly and placed in ice cold wash solution. The heart was cleaned and the atria trimmed away. The ventricles were weighed and then attached by the aorta to the canula of a modified Langendorff perfusion apparatus, and myocytes were isolated by procedures similar to those of Powell and Twist (1976) .
Myocyte Microscopy
The isolated myocytes were fixed with 2% glutaraldehyde in a phosphate buffer, pH 7.4, for 1 hour at 4 C C and then washed with buffer two times. Slides were prepared by making smears of the fixed myocytes which were then stained with hematoxylin and eosin. To determine cell size and sarcomere length, the slides were examined with a Zeiss Differential Interference Contrast (DIC) microscope at 400 X. Pictures were taken of myocytes with good striation patterns and elongated shapes. Each myocyte usually contained two nuclei. Eighty to 100 myocytes from each right ventricle were used to determine the mean areas. The photographic negatives of myocytes were projected by a photographic enlarger. For each myocyte, the cell outline and a string of 16-21 sarcomeres were traced out. The areas of the cell tracings were calculated using a digitizing pad (Hipad, Houston Instruments) connected to a desk top computer (HP-85, Hewlett-Packard).
Papillary Muscle Cross-Section Microscopy
After physiological measurements were made, (see below), papillary muscles were stretched to optimum length and fixed for 30 minutes with 2% glutaraldehyde in 0.2 M phosphate buffer, pH 7.4. VOL. 49, No. 6, DECEMBER 1981 The muscles were then taken out of the chamber and were fixed for an additional 3 hours in the same fixing solution at 4-5°C. AFter fixation, the muscles were embedded in JB-4 embedding medium (Polysciences, Inc.). Transverse sections of 0.5 fun thickness were cut from the middle portion of the muscles and were stained using the PAS method.
The sections were examined through a Zeiss (DIC) microscope using a 100X oil immersion objective. Pictures were taken on 35-mm film of about 30 fields from each cross-section. Pictures of complete cross-sections of all the muscles were also taken using a lOx objective to obtain total muscle cross-sectional area. The negatives were projected by a photographic enlarger and the cells with centrally located nuclei were traced out. Areas of these cells and the corresponding total cross-section were measured using the digitizing pad and desk top computer.
Autoradiography
The operated and control rats were given 1 jiCi/ g body weight of [ 3 H]thymidine (20 Ci/mmole) by ip injection, and 3V6 hours later were given 500 U/ 100 g body weight of heparin ip. The rats were killed 30 minutes later by giving 10 mg/100 g body weight sodium pentobarbital ip. The hearts were removed, placed in ice cold Krebs-Ringer, cleaned, and weighed. They were then washed by perfusion through the aorta, first with Krebs-Ringer, and then with wash solution containing 5 HIM EGTA and were fixed by simultaneous perfusion and immersion in fixing solution for 30 minutes using 2% glutaraldehyde in 0.2 M phosphate buffer. For further fixation, small pieces 0.6-1 mm thick were taken from the right ventricular wall and fixed for another 1V6 hours at 4-5°C. These pieces were embedded in JB-4 embedding medium (Polysciences, Inc.) and sections 0.5-1 fim thick were cut on a microtome (LKB Ultrotome 4801A) and mounted on slides. The slides were dipped in Kodak NTB-2 emulsion and stored in light tight boxes with anhydrous CaSO.» for 6 weeks. The slides were then developed with Kodak Dektol developer (1:1) and stained with hematoxylin and eosin. The slides were examined using Zeiss (DIC) optics at l,000x, and the number of grains were counted in myocyte, blood vessel, and connective tissue nuclei.
Dissection and Mounting of Muscles for Physiological Measurements
A rat was anesthetized with sodium pentobarbital ip the thoracic cavity opened, and the heart quickly removed. Beating was stopped by immersing the heart in ice cold Krebs-Ringer solution, the heart was cleaned of extraneous tissue, attached through the aorta to a perfusion apparatus, and washed free of blood with oxygenated Krebs-Ringer solution. After transfer to a silicone elastomer dish (Sylgard 184, Dow Coming) filled with oxygenated Krebs-Ringer, the heart was opened by an incision around the edge of the right ventricular free wall which was then pinned back. The papillary muscle* were examined under a binocular microscope foi suitability, i.e., uniform width, large aspect ratio, and moderate size.
If a suitable muscle was found, three sutures ot 10-0 monofilament nylon thread were placed a* follows. One was tied tightly around the tendon, one was tied around the base of the muscle at the point where it attached to the ventricular wall, tightly enough to only slightly deform it, and one was placed by means of a needle into the ventriculai wall behind the muscle, pulled tight, and knotted The muscle and enough of the ventricular wall tc include the sutures were removed from the heart with microscissors and transferred to the experimental chamber, also filled with oxygenated Krebs-Ringer solution, and mounted between the 125 ^m in diameter stainless steel wires projecting from the force transducer and the motor. This was done b> tying the tendon suture around the transducer wire, then tying the ventricular wall suture to the motoi wire so that the end of the wire reached to the suture at the base of the muscle. The muscle then was stretched slightly to minimize distortion of its base and the base suture tied to the wire. At this stage, the chamber was briefly drained, the muscle lightly blotted, and cyanoacrylate adhesive (Histoacryl, Tri Hawk International) applied over the cut end of the muscle up to the suture at the base, and over the tendon and tendon suture. Excess adhesive was blotted and the chamber refilled with Krebs-Ringer solution. This method gave excellent fixation of both ends, without squeezing the muscle excessively. In two experiments (one operated and one control), right ventricular strands were used, both ends being mounted as described for the wall end of the papillary muscles.
Several authors have pointed out the desirability of monitoring and controlling the length of a central segment of a papillary muscle, rather than the whole muscle length (see Donald et aL, 1980 , foi discussion and references). Preliminary experiments were done using titanium markers and the spot-follower apparatus (Julian et al., 1976; Julian and Morgan, 1979) . It was found, however, that with the current method of attachment, the shortening during a twitch was so small (3% ol segment length in one experiment, but usually much less) that skewing of the markers was usually comparable with and often greater than their translation. This was confirmed by flash photomicroscopy of each marker at rest and at the peak of a twitch. Since the end compliance was no longer the clearly dominant cause of internal motion, markers were not used, and, instead, attachment was checked by using a series of quick releases to estimate the total active compliance.
After the muscle was mounted, the experimentaJ chamber was moved to the stage of another microscope with higher magnification and attached camera. The solution was continuously gassed with oxygen, except when photographs were being taken. Temperature was automatically controlled to 30° C, and stimulus pulses of alternate polarity were delivered continuously from bright platinum plate electrodes at a rate of 6/min. The motor and tension transducer were as described by Julian and Morgan (1979) . A tension feedback loop and a circuit to switch from length control to force control were also used. Tension and length signals were recorded on a digital oscilloscope (Nicolet Instrument Corp. Model 2090C), stored on magnetic disk, and recalled to the oscilloscope for analysis.
Protocols for Physiological Measurements Length-Tension Measurements
The muscle was stabilized over a period of 30-60 minutes, during which it was gradually stretched until a stable optimum length and maximum tension were achieved. The stimulation amplitude was set to 1.3 times that required for maximum twitch. A length-tension diagram then was recorded using three twitches at each length as in Figure 2 . Muscle length was decreased in steps from just beyond optimum until twitch amplitude was less than 25% of optimum, and then returned to the original length. The passive tension-length curve of each papillary muscle was characterized by a length constant, found by fitting a straight line to a plot of the logarithm of passive tension against length change from optimum. The passive curves for the ventricular strands were not amenable to this characterization. Another length-tension diagram was recorded at the end of the experiment for comparison.
Estimate of Series Compliance Characteristic
To estimate the series compliance of the muscle, length steps, complete in 0.5 msec, were applied at the peak of the twitch, both at optimum length, and at 95% of optimum length, where passive force was generally smalL Because of a fast recovery phase, the tension was measured 2 msec after the step. Measurements for a range of step sizes were plotted, a stragith line fitted to points above 60% isometric peak tension, and the intercept of this line with the length axis recorded. This reading includes any compliance within the sarcomeres, which by analogy with frog single fibers (Ford et al., 1977) may be expected to amount to about 1.3% of muscle length, corresponding to the T 2 intercept.
Velocity Determinations
As velocity of shortening was of particular interest, it was measured at 95% of optimum length using three different methods, namely, force-velocity curves, isotonic shortening, and force ramp shortening, as illustrated in Figure 4 . Force-velocity curves were plotted by releasing the muscle under various load clamps, at the time of maximum rate of rise of tension, and measuring the slope of the length trace 5 msec later, when a steady force and velocity had been attained. A straight line was fitted to points between 5 and 45% of peak twitch tension on a plot of (1-P/P O )/V against P/Po, i.e., a plot where a straight line represents a hyperbolic relationship between P and V. The unloaded shortening velocity was calculated from the parameters of the straight line, and also estimated by eye from direct plots of tension against velocity.
For the isotonic method, the motor was operated in force control mode throughout. The tension reference was adjusted to bring the position signal to zero between twitches and held at that value during a twitch. The greatest velocity attained during the twitch was measured.
The fact that the muscle length returned to its initial value after an isotonic twitch indicates that the passive stiffness was not zero. The continual curvature of the length record during such a twitch also indicates that unloaded shortening velocity is not uniquely defined. In an attempt to improve this method, a ramp and hold was added to the tension reference, of amplitude such that the muscle did not relengthen after the twitch (until the ramp was reversed) and of slope such that the length record was as linear as possible during the shortening. It was possible to achieve good linearity, and show that changing the ramp rate in either direction from optimum caused the length record to curve one way or the other. Provided very large passive tensions were avoided (greater than about 20% of peak tension), the velocity measured this wasy was independent of initial muscle length. This is the force ramp method of velocity measurement, which we believe to be the method of choice because it is most nearly unloaded, the change in external load approximately compensating for the change of passive force with length.
Results
Growth Characteristics
Growth curves for rats in which the surgical procedure for pulmonary artery constriction was used are shown in Figure 1 . Except for the first day or two following surgery, we have never observed significant differences between body weights of control and operated rats. This makes it possible to use right ventricular free wall weight directly as a measure of degree of enlargement. As is evident in Figure 1 , the surgical technique that we developed produces about a doubling of free wall weight by 1 month after surgery, after which the weight appears to reach an almost stable level. The results presented here are from right ventricles obtained 4-6 weeks after surgery, at which time free wall weight remains nearly constant or only slowly increases. VOL. 49, No. 6 
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The slowly increasing free wall weight shown in Figure 1 suggests a gradually increasing degree of pulmonary artery constriction, so that some of the problems probably associated with sudden constriction are avoided (Bishop and Melsen, 1976) . Sham-operated animals were also prepared as described in Methods. It was found that an early slight increase in free wall weight also was produced. However, this increase was only transitory in the shams and, by 2 weeks after surgery, free wall weight also was produced. However, this increase was only transitory in the sham and, by 2 weeks after surgery, free wall weight returned to control levels. For this reason, results presented here compare operated and control rats, since, by 4-6 weeks after surgery, there were no significant differences between heart weights in sham and control rats.
Total Tissue Results
These results are presented in Table 1 where it can be seen that there are no significant differences between control and operated results. The similai dry weight:wet weight ratios indicate no increase in water content in the operated hearts, in agreement with the absence of other findings, e.g., livei and lung congestion and ascitis, which would suggest heart failure. It was also found that collagerj concentration in the operated right ventricle was unchanged from the control value. This fits with the physiological finding that resting length-tensior relations obtained from control and operated specimens were similar. It is likely that alterations ir collagen content depend on the method used tc produce hypertrophy (Bartosova et al., 1969) . 
NS
Rats were 2 months old, and had had surgery 1 month prior to being killed. Body weights varied from 300 to 360 g. Collagen concentration was calculated by multiplying hydroxyproline concentration by 7.46 (Neuman and Logan, 1950) . RVC and RVO indicate right ventricular control and operated rats respectively, and n is number of rate in each group. Results are expressed as mean ± SEM. P is from t-test and NS indicates significance level greater than 0 05.
Cellular Division and Autoradiography
It was important to determine whether the increase in right ventricular weight was caused by cellular hypertrophy or hyperplasia, since it has been reported that pressure-induced cardiac enlargement in young rats (21 days old at surgery) is characterized by myocyte division with retention of normal heart function (Dowell and McManus, 1978) . To investigate whether myocyte division plays a significant role in our model for hypertrophy, we used autoradiography to determine whether significant numbers of myocyte nuclei from operated rats showed [ 3 H]thymidine uptake. The results are shown in Table 2 and are similar to those previously reported for pressure overloaded hypertrophy in the rat (Morkin and Ashford, 1968) , that is, increased grain deposition occurred mainly in non-muscle nuclei. Furthermore, the increase in the operated rats was at a high level soon after surgery and then decreased to near normal levels by 14 days. The results in Table 2 do, however, indicate a significant increase in level of division in myocytes from operated rats 3 and 10 days after surgery.
These results indicate that, soon after surgery, there is a general tendency for cell division to occur, though probably most marked in non-muscle cell types. The cell hyperplasia is temporally dissociated from the increase in right ventricular free wall weight, since cell division has essentially stopped by 14 days after surgery, whereas heart weight is still increasing, as shown in Figure 1 .
There is another finding in our work which bears on the question of the basis for the cell hyperplasia response. It was mentioned previously (see Growth Curves section) that only a transitory slight increase in right ventricular free wall weight was observed in sham-operated rats. The time courses of the transitory increase in wall weight in sham rats and the increase in cell division in operated rats were similar, i.e., early increases followed by return to control levels by 14 days after surgery. This indicates that the transient cell hyperplasia and increased wall weight were in response to the trauma associated with surgery, together with temporary occlusion of the pulmonary artery whereas the gradual increase in free wall weight (and increase in myocyte size as shown in the next section) was in response to the gradual increase in load placed on the right ventricle by the presence of a fixed diameter suture loop. The slight transitory increase in wall weight in sham rats parallels the early low level of myocyte division found in operated rats.
Myocyte Lengths, Areas, and Sarcomere Lengths
There were two important questions about our model for hypertrophy which needed to be answered. The first concerned whether myocytes in the right ventricular wall did indeed enlarge to a degree sufficient to account for most of the observed increase in wall weight. The second concerned whether myocytes in the papillary muscles, which Rats were operated at age 1 month with controls age-matched. "Days" refers to time after surgery when operated rats were killed. In each time interval, there were two control and two operated rats. In each rat, 10 randomly selected microscope fields were examined, and the number of nuclei in myocytes, blood vessels, and connective tissue was recorded, together with the grain count in each nucleus. This process was repeated 3 times independently, so that a total of 60 fields were examined in control and operated rate at each time. It was determined that background grain density amounted to about one grain per nucleus, and an arbitrary level of five grains or more per nucleus was chosen to select labeled nuclei. The P values were calculated by Poisson distribution; they indicate the probability in each case of obtaining the observed numbers of control labeled nuclei given that the numbers of operated labeled nuclei indicates the true mean value. NS refers to P values greater than 0.05. Rats were operated at age 1 month and killed 5-6 weeks later. Controls were of the same age. "Living" refers to freshly prepared myocytes examined in a relaxing medium, whereas "fixed" refers to gluteraldehyde-treated, stained myocytes. Values, in jim, are means ± SEM. Total number of myocytes in each group given by iu and rio. P values are from t-test and NS indicates significance level greater than 0 05. Most of the myocytes from both control and operated rats were observed to contain two nuclei in agreement with other reports . Because of their predominance, measurements were made only of myocytes containing two nuclei. The measurements of sarcomere lengths in living myocytes are included to obtain an estimate of the amount of shrinkage (about 11%) caused by fixation and staining.
were used to evaluate physiological performance, behaved as do ventricular myocytes with respect to increase in size.
It can be seen in Table 3 that there was no significant difference in average sarcomere length in isolated myocytes between operated and control rats, which is not in agreement with earlier results (Laks et al., 1974) . These earlier results, which showed a decrease in sarcomere length in pulmonary artery-banded dogs, were obtained from hearts fixed at zero transmural pressure, and this makes it difficult to compare these results with those we obtained from isolated myocytes. In contrast to the sarcomere length data, the results in Table 3 do indicate that myocytes from operated rats were about 19% longer than those from control rats 4-6 weeks after surgery. In addition to the increased myocyte length, it was also found, as shown in table 4, that myocytes from operated rats had larger areas than did control myocytes. The average increase in myocyte area from Table 4 (about 50%) indicates an increase in myocyte width of about 26%. Considering the myocytes to be approximately cylindrical, an increase in width, or diameter, of about 26%, together with an increase in length of about 19%, would lead to an increase of volume by about a factor of 1.9. This means we can very nearly Rats were operated at age 1 month and killed 5-6 weeks later. Control animals were of the same age. Myocyte area (MA) values are means ± SEM, and n indicates number of myocytes in each group. P values are from (-test and compare means from control and operated rats with the same experiment number. For reasons mentioned in the legend for Table 5 , measurements were made in both control and operated cases only of myocytes containing two nuclei. account for the observed doubling in free wall weight by a similar-sized increase in myocyte volume.
It has been reported (Anversa et al., 1979 ) that myocytes of the papillary muscle appear morphologically indistinguishable from ventricular free wall myocytes. It has also been recently reported that, in a pressure overload model for left ventricular hypertrophy in the rat, mean myocyte cell volume per nucleus increased only half as much in papillary as in ventricular muscle (Anversa et al., 1980) . However, in our model for hypertrophy, as shown in Table 5 , mean myocyte cross-sectional area increased by about 92% in operated compared to control papillary muscles. We could not measure myocyte length in fixed longitudinal sections from papillary muscles because it was not possible to determine cell boundaries with the light microscope. Even so, the observed increase in cross-sectional area by itself would produce nearly a doubling in myocyte volume, indicating an increase in papillary myocyte size similar to that found in the free wall It should be noted that other workers (Spann et al., 1967) have reported large increases in cross-sectional diameters in papillary muscle myocytes in pressure-overloaded hypertrophy produced by pulmonary artery constriction.
Physiological Performance
Resting length-tension relations were evaluated from records such as those shown in Figure 2 . There were only small differences between control and operated samples as shown in Table 5 , and this is in agreement with the absence of any change in collagen concentration. Active force-generating capability was evaluated by measuring tension at the optimum length for tension development as indicated in Figure 2 . In order to compare control and operated samples, peak active tensions were expressed relative to total muscle cross-sectional areas determined by microscopy of the fixed muscles, as shown in Table 5 . Again, there were no significant differences indicating that the increased amount of contractile material in the enlarged myocytes was of normal composition. The amount of active com- Results are from one control and one operated ventricular strand and from four control and four operated papillary muscles. The ventricular strands are included because the operated strand had the largest increase in mean myocyte cross-sectional area observed in this study. The papillary muscle results are means ± SEM. The P values are for the papillary muscle results, and were obtained by Mest. NS indicates a significance level greater than 0.05. RV is right ventricular and ML is muscle length. The unloaded ahortening velocity measurements are from linearized force-velocity curves, LPV, direct force-velocity curves, DPV, isotonic releases, I, and force ramp releases, FR, as described in Methods. pliance was determined, as shown in Figure 3 , and the results are shown in Table 5 , where it is apparent that no significant differences were found. The low values found indicate that the glueing method effectively reduces end compliance. lg-wt. FIGURE 2 A length-tension plot recorded on the digital oscilloscope. The oscilloscope was setup to take samples during each twitch, but not during the time between twitches. Time between twitches was 10 seconds, and sampling rate during twitches was 200/sec. The tension zero was coincident with the baseline for the twitches recorded at the shortest length (2.15 mm). Measurements were made from the third twitch at each length. Experiment P8O/44. Muscle lengths are (in mm): 2.85, 2.80, 2.75, 2.70, 2.65, 2.60, 2.55, 2.45, 2.35, 225, 2.15, and back to 2.85 via the same sequence. Optimum twitch length was 2.55 mm.
We decided to measure speed of shortening using a variety of methods as shown in Figure 4 in order to eliminate the possibility that any changes found would be technique-dependent. We have satisfied ourselves that the technique used can detect speed changes of the order of ±10% in normal isolated rat and rabbit papillary muscles under various conditions of temperature, calcium concentration, frequency of electrical stimulation, and use of catecholamines to raise the inotropic level. As indicated LENGTH 0 I mm 0 54 g-wt 50 msec TENSION FIGURE 3 Records from active compliance measurement. The muscle was rapidly shortened at the peak of a twich, and tension was measured 2 msec later. Experiment P80/42 at 95% optimum twitch length. VOL. 49, No. 6, DECEMBER 1981 in Table 5 , we found the simplest possible outcome to interpret. That is, there were no significant differences found in maximum speed of shortening between control and operated samples using any of the techniques. In addition, pairwise comparisons revealed high correlation coefficients in the speed data, indicating that no one technique was clearly superior-or inferior-with regard to determining speed of shortening capability.
Discussion
The principal finding in this work was that, in our model for hypertrophy, no physiological abnormalities could be found even though myocyte volume was about doubled. It is not a simple matter to account for this finding because of the very large and often conflicting body of data already in existence in the field of cardiac hypertrophy. Some of the conflicting results which have appeared regarding passive elastic properties of isolated hypertrophied cardiac muscle have been reviewed (Mirsky, 1976) , and it was concluded that-more often than not-abnormalities have been reported (Bing et al., 1971; Alpert et al., 1974; Mirsky, 1976 , reanalysis of data of Spann et aL, 1967 ). An extensive collagen network is present in the heart (Caulfield and Borg, 1979) , and it is reasonable to believe that this network influences passive elastic behavior. Since we found no change in collagen concentration 4-6 weeks after surgery, there is no reason to expect other than normal passive elastic behavior at that time. There is another point to consider. Taking into account diferences between animal and clinical studies with regard to passive elastic properties in hypertrophied muscles, it has been suggested (Mirsky and Pasipoularides, 1980) that animal results may be heavily dependent on the rapidity, or abruptness, with which a pressure overload is created. This may help to explain our unchanged results, since in our model there is a more gradual development of an increased load.
Reports in the literature concerning the influence of hypertrophy on active tension-generating capability at optimum length also are not in complete agreement However, if results from failing hearts are excluded, it generally seems to be the case that little or no change was observed at least by the time the animals had fully recovered from surgery and a stable level of hypertrophy had been reached. For example, in the studies already cited with reference to speed of shortening changes (Spann et al., 1967; Bing et al., 1971; Hamrell and Alpert, 1977) , no significant differences in force-generating ability were found. Our results also clearly indicate no change. If anything, muscles from operated rats were somewhat stronger than control muscles, though the increase was not statistically significant. These results indicate that the enlarged hearts were mainly composed of larger myocytes containing increased amounts of contractile material not distinguishable from that normally present on the basis of force-generating capability.
Our major aim in this work was to see whether the speed of shortening changes with right ventricular hypertrophy. However, we have so far been unable to detect any speed changes. The reason for this is not clear. Previous workers have reported significant decreases in maximum speed of shortening of isolated muscles from pressure-overloaded ventricles (Spann et al., 1967; Bing et al., 1971; Hamrell and Alpert, 1977; Jacob et aL, 1980) . These results were obtained after the animals had apparently fully recovered from surgery and while they were in a relatively stable phase of hypertrophy without signs of heart failure. The results in the literature are from cat, rabbit, and rat hearts, and include the use of pressure overload to produce hypertrophy in left (rat) and right (cat, rabbit) ventricles. However, in our work, we developed a technique to place a gradually increasing load on the right ventricle in relatively young animals, whereas, in the work cited above, sudden constrictions were applied to either the aorta or pulmonary arteries in older animals. It has already been pointed out in the discussion about passive elastic properties that there is reason to believe that the abruptness with which a pressure overload is established may be crucial in determining the development of abnormal characteristics (Mirsky and Pasipoularides, 1980) . There is also evidence indicating that the depressed contractile function of isolated papillary muscles from ventricles abruptly loaded to produce hypertrophy is only transitory (Williams and Potter, 1974; Jouannot and Hatt, 1975) . It remains possible, therefore, that depressed contractile function results from abrupt loading of ventricles so as to produce an injury phase (Williams and Potter, 1974) , and this is supported by results indicating structural damage in ventricles following application of sudden pressure overloads (Bishop and Melsen, 1976) . This explanation for our failure to detect signs of abnormal function is not in agreement with a very recent report describing work in which a gradually progressive pressure overload technique was also used to produce hypertrophy (Cooper et al., 1981) . In this study, kitten pulmonary arteries were banded and, about 6 and 12 months later, contractile function was examined. Large increases in hydroxyproline content were found, together with marked decreases in velocity of shortening and active tension development. It is highly unlikely that we could have failed to detect changes of such magnitude. At least two points need to be considered. Cooper et al. (1981) used cats, and there may be species differences with respect to how the heart responds to the imposition of a work overload. Also, it is not clear that the duration of our work overload is strictly comparable to that of Cooper et aL (1981) . It is possible that duration is a critical factor, and that abnormalities would be found in rats, provided that the pressure overload was maintained long enough. More work is required to resolve these important and interesting differences.
In summary, we have developed an animal model for hypertrophy in the rat in which a gradually increasing load is placed on the right ventricle. We have been unable to detect any change in physiological function after a duration of overload (4-6 weeks) sufficient to cause the right ventricular free wall weight to double and average myocyte volume to increase by a factor of about two. There is a real, and rather urgent, need to clarify the conditions under which hypertrophy leads to depressed contractile function. This is particularly so now, given the great interest currently being directed toward the study of the plasticity of muscle, i.e., the ability of muscle to change its size and enzymic composi-tion and, consequently, its function in response to altered conditions of loading. Unless this is done, it will hardly be possible to understand the role played by biochemical changes in physiological, or pathophysiological, function.
